In contrast to terrestrial habitats, photosynthesis in the ocean is performed by organisms with a variable phylogenetic background . Diatoms, belonging to the heterokont superphylum, are important components of marine phytoplankton (Tozzi et al., 2004) and are believed to include more than 100,000 species (Armbrust, 2009) . Diatoms are unique organisms, not only due to their origin or their silica cell wall (Tirichine and Bowler, 2011) , but also because their genomes contain metabolic pathways that were unexpected for photosynthetic organisms, such as a complete urea cycle, the Entner-Doudoroff glycolytic pathway, a chimeric sterol biosynthesis pathway, and several carbon concentrating mechanisms aiding photosynthesis (Giordano et al., 2005; Allen et al., 2011; Fabris et al., 2012 Fabris et al., , 2014 .
Besides light, availability of nutrients is the main limiting factor of marine primary productivity (Elser et al., 2007) . Diatoms become particularly abundant when there is an influx of nutrients, either seasonal or when the ocean is artificially fertilized with iron, resulting in large blooms (Moore et al., 2001) . One possible explanation for the success of diatoms in marine habitats is their ability to tolerate long-term nutrient deprivation and rapidly assimilate available nutrients when conditions change. These features must be encoded in their genomes. To date, several diatom genomes have been sequenced, among which two are considered model species, the centricate Thalassiosira pseudonana and the pennate Phaeodactylum tricornutum (Armbrust et al., 2004; Bowler et al., 2008) . Other currently sequenced diatom genomes include Fragilariopsis cylindrus and Pseudo-nitzschia multiseries (Port et al., 2013) and Thalassiosira oceanica (Lommer et al., 2012) ; however, the latter two have not been fully assembled yet. The analysis of these genomes showed that there is a large fraction of diatom-specific genes, that diatoms have acquired genes from a variety of other organisms through horizontal gene transfer, and that often relatively little overlap exists between diatom species (Bowler et al., 2008) . This likely sets the base for species-specific responses to nutrient deprivation, e.g. the lack of the ferritin and plastocyanin genes in T. pseudonana makes it less adapted to iron starvation compared to species that have alternative electron carriers such as T. oceanica and P. tricornutum (Lommer et al., 2012) .
Nutrient depletion often stimulates lipid accumulation in algae, with nitrogen starvation as one of the most prominent elicitors (Mühlroth et al., 2013) . Because of the inherent economic potential, several studies have investigated nitrogen starvation in P. tricornutum and T. pseudonana (Hockin et al., 2012; Valenzuela et al., 2012; Yang et al., 2013; Alipanah et al., 2015; Levitan et al., 2015) . The most prevalent finding from the transcriptome analyses in these studies was that the accumulation of lipids appeared to be a consequence of the remodeling of central metabolism. This is at least partially based on transcriptional reprogramming of the tricarboxylic acid and the urea cycles, which is needed to reallocate carbon and nitrogen from the halted photosynthesis and protein synthesis and the increased catabolism of amino acids, a finding which is also supported by proteomic data (Ge et al., 2014) . This particular reprogramming appeared to be largely similar between the two model diatom species, suggesting conserved regulatory mechanisms, which hitherto have remained undisclosed.
Most of the studies mentioned above have focused on diatom cells that had been acclimated to the lack of nitrogen over periods longer than 1 d. However, many transcriptome changes in response to nutrient starvation will be transient. For instance, regulatory genes, which may be part of feedback or amplification loops, will only be switched on transiently during the early stages of starvation (Mangan et al., 2006) . Undoubtedly some of the most important regulators of gene expression are transcription factors (TFs). Even though the numbers of different TF families can vary enormously between species, the proteins themselves are usually easily identifiable because of their conserved DNA-binding domains. Likewise, their binding motifs can be predicted to some degree (Weirauch et al., 2014) . Using protein similarity as a tool, it was estimated that roughly 2% of the genomes of P. tricornutum and T. pseudonana code for TFs . Nonetheless, thus far there have only been two diatom TFs characterized, and both are P. tricornutum bZIP proteins (Huysman et al., 2010; Ohno et al., 2012) .
Here, RNA-sequencing (RNA-Seq)-based transcriptome analysis, computational promoter analysis, and yeast onehybrid (Y1H) screenings were used to map regulatory elements in the transcriptional rewiring of P. tricornutum metabolism during nitrogen starvation. Therefore, we focused on the first twenty hours after nitrogen removal in order to see the transcriptome changes during the initial stages of starvation. Y1H screening was chosen to investigate potential TF binding sites because of its ability to screen a cDNA library for DNA binding. This is especially useful for the identification of previously unannotated TFs and for organisms, such as diatoms, for which a TF library is not yet available.
RESULTS AND DISCUSSION

Profiling of the Early Nitrogen Stress Response Transcriptome
In contrast to the published transcriptome studies listed above, which all focused on diatom cells subjected to relatively long-term (2 d or more) nitrogen starvation, the analysis presented here was centered on earlier time points, to map the transcriptional reprogramming of diatoms during the onset of the nitrogen stress response. To this end, exponentially growing P. tricornutum cells were transferred to nitrogen-replete medium, and sampled 4, 8, and 20 h after medium transfer. During this period, nitrogen-starved cells started to accumulate more lipids, began bleaching, and halted their cell cycle (data not shown).
RNA-Seq was performed by Illumina HiSeq2000-based paired-end (2 3 100 bp) and indexed sequencing. In total, 4,770 genes showed statistically significant differential expression at some point during the experiment, of which 1,587 showed a log2-fold change of 1.5 or more (Supplemental Dataset S1). To ensure adequate stringency for the subsequent screens, only the latter genes were considered. These were grouped into 11 expression clusters, three consisting of down-regulated and eight consisting of up-regulated genes (Fig. 1, A and B). The down-regulated clusters contained many genes encoding proteins involved in photosynthesis, such as the oxygen enhancer complex, a photosystem stability factor, the chlorophyll biosynthesis machinery, and several fucoxanthin binding proteins. Furthermore, roughly half of all Calvin cycle genes annotated in the DiatomCyc Pathway/Genome database (Fabris et al., 2012) were down-regulated. Similarly, protein synthesis displayed an abrupt halt, as illustrated by the rapid decreased expression of most genes encoding ribosomal components and t-RNA charging molecules.
Conversely, nitrogen-starved cells increased their capacity to absorb and assimilate nitrogen, indicated by the up-regulation of nitrate transporters, nitrate, and nitrite reductases (expression maximum after 20 h of starvation, pattern of cluster 4 in Fig. 1B ). Another way for cells to cope with reduced nitrogen availability is to increase turnover of nitrogen-containing metabolites (amino acids and nucleotides) and polymers, reflected by the up-regulation of numerous proteases, amidases, and aminotransferases (patterns of clusters 5 and 6 in Fig. 1B) . Incorporation of the liberated ammonia may happen through the up-regulated Gln oxoglutarate aminotransferase cycle. Carbon recycling likely occurs through increased activity of the up-regulated tricarboxylic acid cycle and pyruvate dehydrogenase complex (early up-regulated and maximum expression after 20 h of starvation; pattern of cluster 5 in Fig. 1B) .
Overall, these findings correlate well with those published previously and indicate that the transcriptional reprogramming of metabolism reported after 2 d or more of nitrogen starvation (Yang et al., 2013; Alipanah et al., 2015; Levitan et al., 2015) is already initiated very early in the nitrogen stress response.
Two Motifs Are Overrepresented in Nitrogen Starvation Responsive Promoters
Of the 212 TFs predicted from the P. tricornutum genome , 86 were up-regulated during nitrogen starvation (Supplemental Dataset S1). To provide a lead for functional analysis, we mined for overrepresented motifs in promoters of nitrogen starvation-responsive genes, and these were subsequently screened for TFs able to bind these DNA sequences. From the RNA-Seq dataset, 861 genes were selected with the highest fold induction during nitrogen starvation and a median expression higher than 20 fragments per kilobase per million (FPKM). The intergenic sequences upstream of the coding sequences were selected and used as input for the MEME Suite program (Bailey et al., 2009) to identify motifs in these promoters. The putative promoters were selected as being 500 bp upstream of the start codon. It should be noted that the Figure 1 . Overview of the early nitrogen stress transcriptome of P. tricornutum. A, Overview of differentially expressed genes with a log2-fold change of 1.5 or more from the relevant control sample at the same time point. Shown are normalized FPKM values, at three time points in nutrientreplete (Con) or nitrogen-starved (NoN) cells, ordered using hierarchical clustering as implemented in the TMEV4 tool. B, Self-organizing tree of the same data. Cluster numbers and the number of genes in each cluster are indicated at the right. C, Expression pattern of RGQ1, RGQ2, and RGQ3, as reflected from the FPKM values in the RNA-Seq dataset (indicated in the y axis). Error bars represent standard deviations of three biological replicates. P values (**P , 0.01, ***P , 0.001) were generated by Cuffdiff using the standard settings (Trapnell et al., 2013) .
P. tricornutum genome is gene dense, and the selected interval often overlapped with the promoter or untranslated region of the previous gene. These short intergenic spaces made statistical analysis and motif discovery difficult, as two genes with different expression profiles were often assigned overlapping intergenic sequences. Using a x 2 -based approach, only the motifs that were significantly enriched in the test set were kept ( Fig. 2A) . Motifs that showed a high repetition were excluded. Using this approach, only two motifs were retained, Motif6 (P value 6.32 e 203 ) and Motif17 (P value 6.07 e 204 ), with Motif6 containing the TTC core typical of heat shock factor-type TFs (Åkerfelt et al., 2010) .
Y1H Screening Identifies a RING-Domain-Containing Protein Capable of Binding Motif17
A custom-made P. tricornutum cDNA library (Huysman et al., 2013 ) was used to screen for proteins capable of binding the two identified motifs in a Y1H screen. No hits could be obtained with Motif6, but of the 13 colonies selected from the screen with Motif17, 10 contained the open reading frame of Phatr50304, which was subsequently renamed RING-GAF-Gln-containing protein (RGQ1) for the three domains it contains (see below). Retransformation of the Motif17 bait strain with a fulllength RGQ1-GAL4AD plasmid, containing a fusion between RGQ1 and the GAL4 activating domain, confirmed the interaction (Fig. 2B) .
Notably, the coding sequence of RGQ1 does not contain any known DNA-binding domain and was not listed in the TFs inferred from the genome sequence . In contrast, the National Center for Biotechnology Information conserved domain database (Marchler-Bauer et al., 2015) and InterProScan (http:// www.ebi.ac.uk/Tools/pfa/iprscan5/) searches indicated the presence of a RING/FYVE/PHD-type zinc finger domain (IPR013083) and a domain called bHLH-MYC_N (PF14215) or GAF-like (IPR029016) in the RGQ1 amino acid sequence (Fig. 2C) . The bHLH-MYC_N domain is associated with several plant TFs, such as MYC2, but it does not contain the DNA-binding domain of these proteins. Instead, this sequence resembles a GAF domain, which is commonly associated with a sensor-type function and can sense a variety of signals, such as light, redox status, or a range of small molecules (Auldridge and Forest, 2011; Unden et al., 2013) . Finally, the RGQ1 protein is also predicted to have a nuclear localization signal (Kosugi et al., 2009 ) and a C-terminal stretch of Gln residues that is commonly associated with transcriptional activation Figure 2 . RGQ1 binds and transactivates Motif17. A, Overrepresented motifs in promoters of P. tricornutum genes up-regulated after nitrogen starvation. B, Y1H analysis showing that transactivation of the pMotif17::HIS3 selectable marker by RGQ1-GAL4AD only occurs when the RGQ1 RING domain is functional. Empty vectors were used as negative control. Transformed yeast cultures dropped in serial dilutions (10-and 100-fold) were grown for 6 d on control (2UT) and selective medium (2UTH+3AT). C, Domain organization of and position in the RGQ1, RGQ2, and RGQ3 proteins. Myc, bHLH-MYC_N or GAF-like domain; NLS, nuclear localization signal; Q, Gln-rich stretch; RING, RING/FYVE/PHD-type Zinc finger. D, RGQ1 fused to the GAL4-DBD can transactivate the pUAS::HIS3 reporter gene in yeast. Transformed yeast cultures dropped in serial dilutions (10-and 100-fold) were grown for 6 d on control (2L) and selective medium (2LH+3AT). (Courey and Tjian, 1988; Titz et al., 2006; Fig. 2C) , thus fitting with a potential role as TF. To test this assumption, the RGQ1 sequence was fused to that of the GAL4 DNA-binding domain (GAL4DBD) and introduced into yeast. The RGQ1-GAL4DBD fusion protein was found to be able to drive transcription of a UAS::HIS3 selectable marker in Saccharomyces cerevisiae (Fig. 2D) , confirming that RGQ1 can act as a transcriptional activator. Generally, on average 5% of all proteins seem to be capable of autoactivating HIS transcription after fusion with the GAL4 DNA-binding domain (Van Criekinge and Beyaert, 1999) . No known activation domains are found in the RGQ sequences. However, this finding is not unexpected as activation domains can often not be identified on the basis of protein homology, and proteins rich in Gln, such as the RGQs, are known to cause transcriptional activation in eukaryotes (Titz et al., 2006) . As outlined in the next section, these Glns are evolutionary conserved and likely essential for the functioning of the protein.
RING domains are usually found in E3 Ubiquitin (Ub)-ligases (Stone et al., 2005) . The most conserved Cys and His residues in the putative RING domain were defined by aligning the amino acid sequence of P. tricornutum RGQ1 with those of homologs from other diatoms (Supplemental Fig. S1 ). Out of the 48 diatom RGQ sequences, 40 contained the RING-like domain. It should be noted though that due to the origin of the data (see the "Results" section below), some of these amino acid sequences may be incomplete. RING-type proteins are usually classified according to the spacing of these residues. The consensus of the RGQ RING-like domain is C-X 2 -C-X 5 -D-X 5 -C-X 3-4 -C-X 2 -H-X-R-C, which did not fit any of the known plant E3 Ub-ligase classes (Stone et al., 2005) . Especially striking is that even though half of the RGQ proteins have a His residue within two amino acids of the first conserved Cys, only the His adjacent to the fourth Cys is conserved over all RGQ sequences. Correspondingly, no auto-ubiquitination activity could be detected in in vitro assays with recombinant RGQ1 protein purified from Escherichia coli (data not shown), indicating RGQ1 may not be functioning as an Ub-ligase.
Other plant RING-type zinc finger proteins have been reported to possess DNA-binding activity mediated by the RING domain (Eklund et al., 2010; Malhotra and Sowdhamini, 2013) . Therefore, a "RING-dead" version of the RGQ1-GAL4AD fusion was designed, in which conserved Cys and His residues in the RING domain (Supplemental Fig. S1 ) were mutated to Ala, and introduced into the yeast Motif17 bait strain. The RING-dead version of RGQ1 was not capable of restoring Figure 3 . The RGQ1 protein belongs to a small gene family that is conserved in diatoms. A, Scaled genome organization of the RGQ1/ RGQ3 loci in P. tricornutum, F. cylindrus (Frcy), and T. pseudonana (Thaps). Genome positions are indicated at the left. B, Phylogenetic tree of RGQ homologs in four sequenced diatoms, generated with Phylogeny.fr with standard settings (Dereeper et al., 2008) . Branches are proportional to branch support lengths. Expression data from this study and GEO project GSE56132 (http://www.ncbi. nlm.nih.gov/geo/) were mapped on the tree. All expression values were significant at P , 0.05. FC, F. cylindrus; PM, P. multiseries; TP, T. pseudonana.
growth on selective medium, indicating that the RING domain is crucial for DNA binding (Fig. 2B) .
RGQ1 Belongs to a Small Protein Family Conserved in Heterokonts
A BLASTp homology search showed that there are two other proteins with a high sequence homology present in P. tricornutum, Phatr44641 (RGQ2) and Phatr50305 (RGQ3), which have similar domain organization and 31% and 41% identity to RGQ1, respectively ( Figs. 2C and 3; Supplemental Fig. S2 ; Supplemental Table S1 ). RGQ1 and RGQ3 lie adjacent to each other in the P. tricornutum genome and share the same terminator region (Fig. 3A) .
Besides P. tricornutum, two other diatoms also have fully assembled and publicly available genome sequences, namely T. pseudonana (Armbrust et al., 2004) and F. cylindrus (Port et al., 2013) . These two species contain four and three RGQ-like proteins, respectively. A near identical gene organization as for P. tricornutum RGQ1/RGQ3 is also seen in F. cylindrus, whereas in T. pseudonana, two RGQ genes are located in a tandem repeat, separated by another gene coding for a putative branched chain amino acid ABC transporter (Thaps25159; Fig. 3A) .
The sparse diatom genome data were supplemented by transcriptomes assembled by the Marine Microbial Eukaryote Transcriptome Sequencing Project (http:// marinemicroeukaryotes.org/), which has sequenced and assembled mRNA from a wide variety of diatoms. The transcriptomes of 20 diatom species, covering pennates and centricates, were searched for RGQ-like sequences using BLASTp. After removing partial sequences, 48 RGQ-like proteins were identified. This number is likely to be an underestimate as most transcriptomes were de novo assembled using a limited set of RNA-Seq experiments carried out on diatoms grown under nitrogen-replete conditions. Under these conditions, RGQ transcripts are likely to be expressed at low levels and thus not represented in the RNA-Seq dataset at sufficient levels to allow assembly. The 48 sequences were grouped in a phylogenetic tree ( Fig. 3B ; Supplemental Fig. S2 ), which indicated that the RGQ2 clade groups separately from and appears to be more divergent between pennate and centricate diatoms than the RGQ1/RGQ3 clade.
Out of the 48 sequences investigated, the N-terminal region was recognized as a RING domain or the related PHD domain 11 times by the National Center for Biotechnology Information conserved domain search. However, the alignment (Supplemental Fig. S1 ) shows high conservation in this region, with a similar spacing of His and Cys residues, which supports their involvement in coordinating zinc binding. A similar situation is obtained when scoring the presence of the GAF domain. Domain searches failed to detect the GAF domain in most diatom RGQ sequences, but the alignment again shows high conservation in this region (Supplemental Fig. S3) .
Finally, most diatom RGQ-like proteins also contain unusually long stretches of Gln residues. While these regions are C terminal, their positions are not highly conserved across the aligned species. To determine whether this feature is common in diatom proteins, a random subset of 10,000 proteins was searched for a stretch of four Gln residues and compared to the RGQ sequences used to construct the phylogenetic tree (Supplemental Fig. S2 ; Supplemental Table S1 ). In the 10,000 random proteins, a stretch of four uninterrupted Glns occurred 232 times, while the 48 RGQ sequences contained it in 71 instances. These Gln stretches have been reported to be involved in transcriptional activation (Courey and Tjian, 1988) .
RGQ-like genes were also found to be present in nondiatom stramenopile algae. For example, the multicellular brown alga Ectocarpus siliculosus has two similar genes (Esi_0137_0082 and Esi_0368_0011), whereas the eustigmatophyte Nannochloropsis gaditana contains only one RGQ-like gene in its genome (Naga_100020g79). However, the pelagophyte Aureococcus anophagefferens lacks RGQ genes. Likewise, oomycetes generally have several genes encoding proteins with a domain that resembles the N-terminal RING-like domain, but these are much shorter and lack the GAF domain and the Gln stretch. In green algae no significant BLAST hits are found for the RING-like domain or the full-length protein. Using the MYC-like domain as a query, only proteins that are more similar to the plant-like bHLH-type TF MYC2 could be found, while no orthologs of RGQ could be identified. This bioinformatics analysis indicates that the RGQ gene family is unique for stramenopiles and that it has expanded in diatoms.
RGQ1/2 Expression Is Induced by Nitrogen Starvation
Mining of the RNA-Seq data indicated that both RGQ1 and RGQ2, but not RGQ3, are induced early during nitrogen starvation (Fig. 1C) . RGQ3 has an average expression of 24 FPKM, which is close to the median of expression of our entire dataset and is not induced at any point during the time course. Notably, RGQ1 is also transcribed in exponentially growing cells in nutrient-replete conditions, whereas RGQ2 has lower transcript levels in this condition but is induced much stronger upon nitrogen starvation, i.e. approximately 15-fold 4 h after the removal of nitrogen versus approximately 2-fold for RGQ1 at that time point (Fig. 1C) . The expression pattern was confirmed in an independent quantitative real-time PCR (qRT-PCR) experiment, in which 16 h after nitrogen removal from the medium, RGQ1 and RGQ2 were 3-and 8-fold upregulated, respectively (Supplemental Fig. S4 ).
Publicly available RNA-Seq data (Armbrust et al., 2004 ; http://www.ncbi.nlm.nih.gov/geo/query/acc. cgi?acc=GSE56132) indicated that RGQ expression was also induced by nitrogen starvation in other diatom species, both pennates and centricates (Fig. 3B) . In other pennates, such as F. cylindrus and P. multiseries, all RGQ gene copies appeared nitrogen starvation inducible, including the RGQ3 homologs. In the centricate T. pseudonana, three of the RGQ homologs were induced by nitrogen starvation, whereas the closest homolog of P. tricornutum RGQ1 was repressed by nitrogen starvation (Fig. 3B) . This indicates that increased RGQ expression constitutes a conserved element in the nitrogen starvation response in diatoms.
To assess the potentially conserved role of RGQ proteins in the diatom nitrogen starvation response further, we assessed prevalence of Motif17 in the three diatom genomes with fully assembled genomes in more detail. In P. tricornutum, the frequency of Motif17 in the promoter regions was determined to be 16% or a total of 1,743 genes (Supplemental Dataset S2). To verify that Motif17 was not an artifact, its prevalence was also checked in a reshuffled promoterome maintaining the same dinucleotide frequency. In this random set, 1,417 sequences contained the motif, but only 190 genes were shared between both sets, indicating that it is likely not an artifact. Furthermore, as indicated above, Motif17 was enriched in nitrogen starvation-responsive promoters: about 25% of the genes up-regulated after nitrogen starvation and coregulated with RGQ1 or RGQ2 contain Motif17 in the first 500 bp upstream of their start codon. Mining of the genes with the highest expression correlation with RGQ1 and RGQ2 indicated that both cluster with genes encoding proteins involved in the assimilation of nitrogen and to a lesser degree genes involved in redox reactions (Fig. 4) . Recently it was shown that these two processes were linked since many nitrogen assimilating proteins have oxidationsensitive thiol groups (Rosenwasser et al., 2014) . Furthermore, the RGQ1 cluster contains two genes related to the biosynthesis of molybdopterin, a cofactor required for nitrate reductase function. In the RGQ2 cluster, also several genes related with the synthesis of amino acids and transport of nitrogen-containing compounds were encountered.
Next, the prevalence of Motif17 was also checked in the intergenic sequences of the pennate diatom F. cylindrus. In total 4,367 genes contained the motif in their putative promoter (Supplemental Dataset S2), which corresponds to 16% of all gene models, comparable to what was found in P. tricornutum. Using reciprocal best BLAST hits as the selection criterion, 1,077 orthologous P. tricornutum genes could be identified for these genes, of which 143 also contain Motif17 in their promoter (Fig. 5 ). Among these genes is Fracy206149, the most likely candidate for an ortholog of RGQ1 (Supplemental Dataset S2).
The same analysis was performed on the distantly related centric diatom T. pseudonana, in which 1,155 genes contain the motif in their putative promoter or approximately 10% of the genome (Supplemental Dataset S2). Retaining only orthologs with P. tricornutum, 68 P. tricornutum genes with Motif17 remain (Fig.  5) . In contrast to F. cylindrus, no RGQ sequences are found in this list, but instead several genes essential for nitrogen assimilation are present. Examples are a Glu synthase (Phatr51214/Thaps29861), which is present in the RGQ2 coexpression cluster (Fig. 4B) , and one gene encoding a nitrate reductase (Phatr54983/Thaps25299), which groups in cluster 4 of the nitrogen starvationinducible genes together with RGQ1 (Fig. 1B) . Together, our in silico expression and promoter analysis suggests that the role of the RGQ family is conserved throughout the pennate and centricate diatom lineages.
CONCLUSION
We propose that the RGQ proteins represent a hitherto unknown class of TFs that form an integral and conserved part of the nitrogen stress response in diatoms. Our findings also illustrate that the predicted number of diatom TFs is likely to be an underestimate because poorly sampled branches of the evolutionary tree often contain yet unknown families of DNAbinding proteins.
MATERIALS AND METHODS
Diatom Culturing
All experiments were carried out with the Phaeodactylum tricornutum (Pt1) Bohlin Strain 8.6 obtained from the diatom culture collection available at Ghent University. Cells were grown in 500-mL Erlenmeyer flasks with ESAW medium containing 7.5 mg sodium nitrate per liter and other nutrients, according the standard recipe (Berges et al., 2001 ). Flasks were placed on a shaking platform at 120 rpm, and light was provided using continuous overhead fluorescent lighting (18W/865; Osram) with an average lighting intensity of 100 mE m 22 s 21 in a temperature controlled room at 21°C. For stress treatments, the precultured cells were diluted 2-fold daily to maintain exponential growth. Cells were harvested by centrifugation for 30 min at 6,000g and washed twice with a 20 g/L saline solution. This starter culture was split into equal parts and used to inoculate ESAW with and without added sodium nitrate.
Expression Profiling
For each condition and time point, cells from three biological repeats were captured on a 3 mm pore size PVDF membrane (Millipore) by filtering 20 mL of culture as rapidly as possible using a mild vacuum. Filters or algal pellets were transferred to 2-mL Eppendorf tubes and flash frozen in liquid nitrogen. For RNA extraction, the pellets were resuspended with 1.5 mL of TRI Reagent (Molecular Research) and processed according to the manufacturer's instructions up until the RNA precipitation step. The aqueous phase was mixed with an equal volume of 70% (v/v) ethanol and transferred to an RNeasy mini spin column (Qiagen). On column, DNase digest was performed according to the manufacturer's instructions using RQ1 DNase (Promega). RNA was eluted in RNase-free water, and quality control was performed on Nanodrop and 1% agarose gel. RNA-Seq was performed by Illumina HiSeq2000-based paired-end (2 3 100 bp) and indexed sequencing of the RNA-Seq libraries at Genomics Core UZ KULeuven (http://gc.uzleuven.be/).
For RNA-Seq data analysis, using a cutoff value of 20, FASTQ files were quality filtered, and adaptor sequences were removed using Cutadapt (Martin, 2011) . Only the sequences that were still paired were retained for further analysis. Mapping and counting the reads was done with Tophat/Cufflinks/ Cuffdiff using the GFF filtered models and genome files available on the Joint Genome Institute Web site (http://genome.jgi-psf.org/; Bowler et al., 2008; Trapnell et al., 2013) . The expression of significantly expressed genes was log2 transformed and visualized using the TM4 MeV package (Saeed et al., 2006) .
For qRT-PCR, cDNA was generated with iScript kit (Bio-Rad) from RNA extracted as described above. qRT-PCR was carried out with a Lightcycler 480 (Roche) and SYBR Green QPCR Master Mix (Stratagene). PUA (Phatr3_J16787), VTC4 (Phatr3_J29004), and RP3A (Phatr3_J13566) were used as reference genes with primers listed in Supplemental Table S2 . Analysis was performed using the ΔΔCt method as described (Schmittgen and Livak, 2008) .
Molecular Cloning
Gateway technology was used for subcloning and the generation of expression clones according to the manufacturer's instructions (Invitrogen Life Technologies). Models were manually checked for completeness and correspondence with RNASeq coverage using the Integrative Genomics Viewer browser (https://www. broadinstitute.org/igv/). All destination vectors used were generated previously (Siaut et al., 2007) , and amplification of P. tricornutum gene sequences was performed with Primestar DNA polymerase (TaKaRa Biosciences).
Y1H Analysis
Y1H was performed as described (Deplancke et al., 2006) and using pDEST22-RGQ1 transformed into yeast strain YM427152.
Phylogenetic Analysis
The consensus coding sequences of nine diatoms were downloaded from the Marine Microbial Eukaryote Transcriptome Sequencing Project Web site (http://marinemicroeukaryotes.org/) and used to construct a local BLAST database. The tBLASTn program was used to find homologous sequences, using only the highest scoring hit for each sequence. Alignments were performed using MUSCLE as implemented in Geneious 8.1 (Biomatters; http:// assets.geneious.com/manual/8.1/GeneiousManual.html) using standard settings. Visualization of the alignments was done with the same program. For tree construction, the default method was chosen on phylogeny.fr (Dereeper et al., 2008) . Briefly, alignment was performed using MUSCLE 3.7 set at highest accuracy. Poorly aligned regions and gaps were removed using Gblocks v0.91b by eliminating all nonconserved positions longer than eight amino acids with a minimum remaining block length of 10, not allowing any gaps in the final alignment and ensuring at least 85% of the sequences present in any flanking regions. The maximum likelihood method was used as implemented in the PhyML program v3.0 aRLT using the WAG substitution model assuming an estimated proportion of invariant sites and four gamma-distributed rate categories with an estimated parameter of 1.293. Branch reliability was tested using the aLRT test. Graphics were generated with FigTree (http://tree.bio.ed.ac.uk/ software/figtree/) and Geneious.
In Silico Promoter Analysis
The intergenic sequences between two P. tricornutum genes were extracted and trimmed to a maximum length of 500 bp. The input sequences were examined for possible motifs using the MEME Suite program (v4.9.1) with a maximum number of 20 motifs; other settings were left at default (Bailey et al., 2009) . Using a custom script, a x 2 analysis was performed on the obtained motif in the test set versus a random list of intergenic sequences of the same length. Motif occurrences were determined with the Find Individual Motif Occurences tool on the MEME Suite (Bailey et al., 2009 ) and the original MEME motif file as input. The same procedure was followed for Motif17 prevalence in the other diatoms whose genomes were obtained from the Joint Genome Institute Web site (http://genome.jgi-psf.org/). For the occurrence of Motif17 in a random set, the intergenic sequences of P. tricornutum were reshuffled while maintaining dinucleotide frequency using the "shuffle" program of the HMMER package (v3.1b1; http://hmmer.janelia.org/) with default settings.
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